Herkinorin is the first μ opioid (MOP) selective agonist derived from salvinorin A, a hallucinogenic natural product. Previous work has shown that, unlike other opioids, herkinorin does not promote the recruitment of β-arrestin-2 to the MOP receptor and does not lead to receptor internalization. This paper presents the first in vivo evaluation of herkinorin's antinociceptive effects in rats, using the formalin test as a model of tonic inflammatory pain. Herkinorin was found to produce a dose-dependent decrease in the number of flinches evoked by formalin. These antinociceptive effects were substantially blocked by pretreatment with the nonselective antagonist naloxone, indicating that the antinociception is mediated by opioid receptors. Contralateral administration of herkinorin did not attenuate the number of flinches evoked by formalin, indicating that its effects are peripherally restricted to the site of injection. Following chronic administration (5-day), herkinorin maintained antinociceptive efficacy in both phases of the formalin test. Furthermore, unlike morphine, herkinorin was still able to inhibit flinching in both phases of the formalin test in animals made tolerant to chronic systemic morphine treatment. Collectively, these results suggest that herkinorin may produce peripheral antinociception with † This paper was presented in a symposium at the Behavior, Biology, and Chemistry: Translational Research in Addiction meeting on March 5, 2011 in San Antonio, TX entitled "New concepts in mu-opioid pharmacology -implications for addiction and its management."
Introduction
Traditional μ opioid (MOP) receptor agonists provide highly efficacious pain relief but after extended use manifest several deleterious side-effects, such as respiratory depression, constipation, and antinociceptive tolerance (Mather and Smith, 1999) . The mechanisms leading to tolerance are not yet fully understood, but several theories have been proposed, including those involving multiple neurotransmitter systems and those focused directly upon opioid receptor regulation. The MOP receptor is a G protein coupled receptor (GPCR) and is subject to regulation involving GPCR kinase (GRK)-mediated phosphorylation and subsequent βarrestin recruitment promoting the uncoupling of the receptor and the associated G-proteins (DeWire et al., 2007) . Subsequently, receptor phosphorylation and β-arrestin binding can lead to receptor internalization. In its regulatory role, β-arrestin interactions with GPCRs prevent further activation of downstream effectors leading to desensitization of the receptor (Liu and Anand, 2001) . Certain MOP agonists, such as DAMGO, fentanyl, etorphine and methadone, induce rapid receptor internalization when studied in cellular model systems. Morphine, and several closely related chemical derivatives, such as heroin, codeine, and oxycodone, produce much slower and diminished internalization in these same cellular models (Bushell et al., 2002) . Initial in vitro studies indicated that morphine promotes very little receptor phosphorylation (Bohn et al., 2004a; Whistler and von Zastrow, 1998; Zhang et al., 1998) and thus subsequent βarrestin recruitment and receptor internalization. Further, overexpression of GRKs led to more robust morphine-initiated β-arrestin recruitment and internalization of MOP receptors (Bohn et al., 2004a) indicating that the intracellular availability of GRK levels can determine the overall impact of the agonist on the receptor fate.
The regulation of the receptor has been implicated as a pivotal point in determining opioidinduced behavioral adaptations in vivo. Following internalization of the MOP receptor, the receptor can be resensitized, whereby it is dephosphorylated and trafficked back to the membrane where agonist activation can recur. In this scenario, an agonist that would not promote internalization would also not promote resensitization and would therefore, upon chronic treatment, produce an "immobilized" inactive receptor. Morphine's decreased ability to internalize MOP receptors has been proposed as a mechanism underlying morphine analgesic tolerance (Kim et al., 2008) . However, agonists that do promote robust receptor internalization, such as methadone and fentanyl, also clinically produce analgesic tolerance. Therefore, other mechanisms aside from or in addition to internalization of the receptor must be considered.
The phosphorylated MOP receptor can recruit both β-arrestin-1 and β-arrestin-2; however, agonists, such as morphine, that promote little receptor phosphorylation, promote MOP receptor interactions with β-arrestin-2 over β-arrestin-1 (Bohn et al., 2004a) . Moreover, the genetic deletion of βarrestin2 has dramatic consequence in vivo, producing enhanced morphine-induced antinociception and a concomitant attenuation of tolerance (Bohn et al., 2000; Bohn et al., 1999) . Interestingly, the comparison of "highly phosphorylating/ internalizing" MOP agonists (etorphine, fentanyl, and methadone) revealed equivalent antinociceptive responses in both wildtype (WT) and βarr2-KO mice demonstrating that the importance of β-arrestins in MOP receptor regulation is most apparent when agonist-induced phosphorylation of the receptor is minimal. Moreover, while βarr2-KO mice do not develop morphine tolerance in the hot plate assay following chronic morphine infusion, tolerance does ensue when the mutant mice are infused methadone or fentanyl (Raehal and Bohn, 2011) .
In addition to its role in determining morphine-induced analgesic responses, β-arrestin-2 also plays a role in determining the extent of morphine-induced side effects. Mice lacking β-arrestin-2 display decreased constipation and respiratory suppression following morphine treatment (Raehal et al., 2005) . The impact of β-arrestin-2 on gut function occurs primarily at peripheral sites; however the mechanism underlying morphine induced constipation involving β-arrestin-2 remains to be determined. Taken together, previous in vivo studies suggest that avoidance of the MOP receptor -β-arrestin-2 interaction may be a way to enhance antinociceptive responses while preventing the onset of tolerance and side effects.
Herkinorin is the first MOP selective ligand from the neoclerodane diterpene salvinorin A (Harding et al., 2005) . This is unique given that herkinorin bears little structural similarity to other MOP receptor agonists such as morphine, methadone, and fentanyl ( Figure 1 ). The key structural difference is that herkinorin does not contain a basic nitrogen, a key structural feature of these clinically used opioids. Herkinorin has relative μ >κ>δ binding selectivity in vitro and can act as an agonist at both MOP and κ opioid (KOP) receptors, in vitro (Groer et al., 2007; Harding et al., 2005) . Surprisingly, herkinorin was also found to activate G protein coupling and ERK1/2 in a naloxone reversible manner yet does not induce receptor-β-arrestin interactions (Groer et al., 2007) . The development of ligands that activate ERK in the absence of β-arrestin-MOP receptor interactions may provide valuable tools for studying this pharmacology further and could possibly lead to the discovery of novel compounds for the treatment chronic pain. Additional studies in non-human primates showed that herkinorin has opioid receptor mediated effects using prolactin release, a neuroendocrine biomarker assay that is responsive to both MOP and KOP agonists, as well as to compounds with limited ability to cross the blood-brain barrier (Butelman et al., 2008) . More recently, we described three new derivatives of herkinorin with similar properties and one that promotes recruitment of β-arrestin-2 to the MOP receptor and receptor internalization (Tidgewell et al., 2008) .
The aim of the present work was to provide a preliminary investigation of the antinociceptive properties of herkinorin using a rodent model of nociception. The proposed studies were designed to provide valuable information on the suitability of herkinorin and related analogs for further preclinical development. In this study, we report that herkinorin has antinociceptive properties in the rat formalin paw withdrawal test, a model for peripheral antinociception in inflammatory pain. Further, we find that herkinorin has a reduced tolerance profile and remains efficacious in rats made tolerant to chronic morphine.
Methods

Animals
Male Sprague-Dawley rats (250 -275 g) (Charles River Laboratories, Wilmington, MA), housed in pairs with free access to food and water, were maintained on a 12 hour light/dark cycle (lights on 6:00 am -6:00 pm) in the Association for the Assessment of Laboratory Animal Care-approved animal care facility. The Institutional Animal Care and Use Committee of the University of Iowa approved all experimental procedures. All animals were used only once per treatment group.
Measurement of nociceptive activity
Testing was in accordance with protocols previously described (Joshi and Gebhart, 2003; Kaneko et al., 2000) . Rats were allowed to acclimate in a screening chamber for 20 minutes prior to testing. Herkinorin's antinociceptive effects were determined by evaluating its ability to quantitatively attenuate the number of flinches evoked following injection of formalin into the plantar surface of the right hind-paw (Wheeler-Aceto et al., 1990) . Flinching of the paw following injection was a consistent component of formalin-induced behavior in our observations and was measured in this study (Joshi and Gebhart, 2003; Tjolsen et al., 1992) . Discrete groups of rats received the indicated doses of herkinorin or morphine injected into the plantar of the right hindpaw 5 minutes prior to injection of 100 μL of 1.25%-concentrated formalin in an adjacent region of the plantar surface of the hindpaw. Rats were then placed in an elevated testing chamber with a mirror placed at a 45°a ngle below the testing stage to ensure an unobstructed view of the rat's paws. Immediately following injection, rats were observed for one hour total in a series of 12, 5-minute bins during which flinches were recorded using an experimenter-controlled computer accounting program. The formalin assay shows a distinct biphasic nociceptive response with first (0-10 minutes) and second (15-60 minutes) phases wherein the phases are defined by a brief period of nonresponse (Dubuisson and Dennis, 1977; Tjolsen et al., 1992) . Therefore the flinch response was divided into first and second phases by summing the total number of flinches occurring within the first 10 minutes and between 15 and 60 minutes, respectively. Additionally, the effects of herkinorin in the presence of the opioid receptor antagonist naloxone were evaluated using the formalin test.
Drugs
Herkinorin (2S,4aR,6aR,7R,9S,10aS,10bR)-9-(benzoyloxy)-2-(3-furanyl) dodecahydro-6a, 10b-dimethyl-4,10-dioxo-2H-naphtho-[2,1-c]pyran-7-carboxylic acid methyl ester) was synthesized as described previously (Harding et al., 2005) and dissolved in dimethylacetamide (DMA) (Sigma-Aldrich, St. Louis, MO). Vehicle, in all cases, refers to the vehicle used to deliver herkinorin. Morphine hydrochloride (Mallinckdrot, St. Louis, MO), fentanyl (Sigma-Aldrich, St. Louis, MO) and naloxone (Sigma-Aldrich, St. Louis, MO) were dissolved in 0.9% saline.
Study design
Herkinorin was assessed for its ability to suppress the formalin-induced paw flinch response in rats when injected intraplantar (i.pl.) in the hind paw prior to formalin injection in the same paw. Observers were blinded to the treatment of each animal. To determine if herkinorin acts at opioid receptors, the opioid receptor antagonist naloxone was administered s.c. in the back of the neck 45 minutes before testing.
In order to assess if antinociceptive effects were centrally or peripherally mediated, animals received a dose of herkinorin (10 mg/kg) in either the ipsilateral or contralateral hindpaw 5 minutes before the formalin was injected and nociceptive behavior was observed. In order to assess if the antinociceptive effects of herkinorin diminished upon repeated administration, animals received an i.pl. injection into the right hindpaw of vehicle or herkinorin (10 mg/kg) for four days. In order to reduce sensitization, injections were alternated between plantar and dorsal side. On the fifth day, herkinorin or vehicle was given 5 minutes before formalin was injected into the right hindpaw and the effect on nociceptive behavior was assessed.
Chronic administration studies were performed to determine whether herkinorin effects would diminish over time (tolerance). Morphine was used as a standard of comparison in most studies. In order to assess the effects of morphine tolerance on the antinociceptive effect of herkinorin, animals were made tolerant to morphine by a subcutaneous implantation of an osmotic mini-pump (Alzet Osmotic Pumps, Cupertino, CA; Wiesenfeld and Gustafsson, 1982) . The osmotic pumps were calibrated and loaded to infuse 15 mg/kg/ day of morphine (Stevens and Yaksh, 1989) . On the fifth day following implantation of the pumps, these animals received an i.pl. injection into the right hindpaw of either morphine (10 mg/kg), fentanyl (0.1 mg/kg), or herkinorin (10 mg/kg) 5 minutes prior to formalin and nociceptive behavior was assessed.
Data Analysis
The number of formalin-induced flinches was recorded within 5 minute bins per animal. Statistical anaylsis was performed using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA). Data reflecting the response over time were analyzed using a repeated measures, two-way analysis of variance (ANOVA). Analyses of sums of flinches within each phase of the test were performed by Student's t test or a one-way analysis of variance followed by Tukey-Kramer post-hoc analysis. A value of P < 0.05 was considered to be statistically significant in all tests. All data are expressed as the means ± SEM.
Results
Effect of herkinorin on formalin-induced nociception
Two doses of herkinorin were initially chosen based upon its comparable efficacy and potency in biochemical measures of MOP receptor affinities and G protein coupling (Harding et al., 2005; Tidgewell et al., 2008) . Overall, a pretreatment with herkinorin (1 or 10 mg/kg, i.pl.) produced a significant reduction in the number of flinches compared to vehicle (vehicle vs. herkinorin 1 mg/kg: p<0.0001, F (1,108) = 41.88; vehicle vs. herkinorin 10 mg/kg: p<0.0001, F (1,144) = 207.91; Figure 2A .) Furthermore, a higher dose of herkinorin was more effective at attenuating the flinch response (herkinorin 1 mg/kg vs. 10 mg/kg: p<0.0001, F (1,108) = 26.90; Figure 2A ). For comparison, the classic opioid analgesic, morphine, was also tested ( Figure 1B ). Morphine (10 mg/kg, i.pl.) essentially eliminated the flinch response to formalin and at this dose, was more efficacious than herkinorin (vehicle vs. morphine: p<0.0001, F (1,108) = 389.56; morphine vs herkinorin: p<0.0001, F (1,108) = 36.05). To assess the role of opioid receptors in the antinociceptive response of herkinorin, animals were pretreated with the non-selective opioid antagonist naloxone (10 mg/kg, s.c.). The antinociceptive response elicited by herkinorin (10 mg/kg i.pl.) was attenuated by pretreatment with naloxone (p<0.0001, F (1,108) = 74.44, Figure 2B ). Herkinorin was effective at blocking the nociceptive response in both phases of the test. Naloxone fully reversed herkinorin's effects in the first phase (p<0.05 vs. herkinorin 10 mg/kg) and partially, but significantly blocked herkinorin effects in the second phase (p<0.05 vs. herkinorin 10 mg/kg).
Importantly, the vehicle, dimethylacetamide did not produce any painful or tissue damaging effects on its own. This vehicle has been used previously to study the brain uptake of [ 11 C]toluene (Gerasimov et al., 2002) . In addition, dimethylacetamide has been used with other agents for intravenous formulations since 1961 (Spiegel and Noseworthy, 1963; Tesconi et al., 1999; Wiles and Narcisse, 1971 ) and cyclodextrins possess a similar pattern of metabolism and excretion following intravenous administration to rats (De Bie et al., 1998) .
Effect of site of injection on formalin-induced nociception
Upon injection to the paw, a compound may act locally at the site of injection or may be distributed via the bloodstream to target receptors in the spinal cord or central nervous system (DeHaven-Hudkins et al., 1999 ). An injection in the opposite paw (contralateral injection) should not produce an effect on the response in the test paw if the compound's actions are restricted locally. An injection of herkinorin (10 mg/kg) into the contralateral paw mirrors the treatment with vehicle, showing no significant reduction of flinching throughout the entire time course of the assay (p=0.7236, F (1,132) = 0.13, Figure 3A ). These observations suggest that the antinociception produced by this dose of herkinorin is peripherally localized and is effective at blocking responses to both the acute and inflammatory phases associated with this test ( Figure 2B ). In comparison, morphine (10 mg/ kg, i.pl.), blocks formalin-induced flinches whether injected into the ipsilateral or contralateral paw suggesting that, at this dose, it is also systemically active (vehicle vs. contralateral morphine: p<0.0001, F (1,108) = 385.45; Figure 3 ).
Effect of chronic herkinorin treatment on formalin-induced nociception
Repeated administration of most opioid narcotics results in decreased antinociceptive potency over time; such waning of responsiveness is considered to represent the development of antinociceptive tolerance. To determine if tolerance develops with repeated herkinorin dosing, herkinorin (10 mg/kg) was administered peripherally for 5 days with the formalin injection occurring on the fifth day of treatment. Following repeated administration, herkinorin produced significant inhibition of formalin-induced flinching when compared to vehicle on day 5 (p<0.0001, F (1,84) = 264.87; Figure 4A ). Repeated administration of vehicle alone had no significant impact on the formalin-induced flinch response (p=0.4882, F (1,72) = 0.49). When compared to the acute administration of drug on day 1, repeated herkinorin injections produced a minor loss of efficacy as the two curves were significantly different (herkinorin day 1 vs. herkinorin day 5: p<0.0001; F (1,96) = 73.65). When assessed per phase of the formalin test, herkinorin continued to be effective in reducing flinches in both phases with only a slight but significant loss in efficacy over time (phase 1: herkinorin day 1 vs. day 5: p<0.05; phase 2: herkinorin day 1 vs. day 5: p<0.01; Figure 4B ).
Effect of morphine tolerance on herkinorin antinociception
Chronic treatment of morphine via a systemic route was used to render rats tolerant to further morphine-induced antinociceptive responses. Under these conditions, herkinorin was tested for its ability to suppress the formalin-induced flinch response. Morphine was infused by osmotic minipump for 5 days; morphine tolerance was demonstrated with an acute dose of morphine (10 mg/kg) which produced no antinociceptive effects (vehicle vs. MT + morphine: p=0.9320, F (1,144) = 0.01; Figure 5A ). Fentanyl, tested at a maximally efficacious dose (1 mg/kg, i.pl.; Seguin et al., 1995) in the morphine tolerant animals produced a minimal but significant decrease in the flinch responses over time when compared to vehicle or morphine in the morphine tolerant animals (vehicle vs. MT + fentanyl: p=0.0034, F (1,132) = 8.70; MT + fentanyl vs. MT + morphine: p<0.001, F (1,132) = 24.07). Herkinorin maintained its antinociceptive properties in morphine tolerant animals (vehicle vs. MT + herkinorin: p<0.0001, F (1,132) = 161.45), however, it was slightly less effective than observed following an acute dose of herkinorin in naïve animals (herkinorin vs. MT + herkinorin: P=0.0014, F (1,120) = 10.70). Phase analysis of data reveals that herkinorin maintains equal effectiveness in the first phase of the response in animals before and after morphine tolerance (acute herkinorin vs. MT + herkinorin, p=0.8646) while morphine and fentanyl responses in the morphine tolerant rats do not differ from vehicle. A similar profile was observed in the second phase of the test with herkinorin-induced responses not differing between naïve and morphine tolerant animals (acute herkinorin vs. MT + herkinorin, p=0.2031) . In the second phase, morphine responses in morphine tolerant animals did not differ from vehicle treatments; fentanyl induced a slight reduction in flinches in morphine tolerant animals (p<0.05).
Discussion
In this study, we report that herkinorin, a MOP-selective agonist, derived from salvinorin A, possesses antinociceptive properties in vivo that can be reversed by the non-selective opioid receptor antagonist, naloxone (Figure 2 ). Herkinorin activity in this assay appears to be localized to the site of injection as contralateral injections produced no antinociception (Figure 3) . Repeated paw injections of herkinorin produced only marginally decreased responsiveness to the initial dose tested suggesting minimal antinociceptive tolerance (Figure 4) . Importantly, while chronic systemic morphine treatment produced robust tolerance to subsequent paw doses of morphine, herkinorin remained efficacious in the morphine-treated rats ( Figure 5 ).
These findings are encouraging as they indicate that a derivative of salvinorin A can produce antinociceptive responses in the rat formalin test indicating therapeutic potential for preventing pain responses to both noxious stimuli (first phase responses) and inflammatory pain (second phase responses). The antinociceptive effects of herkinorin in the formalin test appear to involve opioid receptors as the effects can be significantly attenuated by naloxone pretreatment. In in vitro receptor pharmacology studies, herkinorin displays a higher affinity for MOP over KOP receptors (~10-fold) with no appreciable affinity for δ opioid (DOP) receptors. However, its antinociceptive responses cannot solely be attributed to MOP receptor activation without excluding potential KOP receptor activity. Furthermore, the activity at KOP receptors may also affect the development of tolerance to herkinorin. It has been suggested that the opposing actions of KOP agonists on MOP opioid receptor actions may play a role in morphine tolerance as previous reports have shown that coadministration of KOP agonists, such as nalbuphine or U50,488H, with morphine reduced the development of morphine tolerance (Jang et al., 2006; Lee et al., 1997; Tokuyama et al., 2007) . Such dual receptor interactions could also be at play when herkinorin is chronically administered thereby producing an overall apparent resistance to herkinorin tolerance.
Studies utilizing chronic morphine administration at the site of formalin injection have found that, under these conditions, morphine does not produce antinociceptive tolerance (Cohen et al., 1984) . A study by Zoellner et al., demonstrated that chronic systemic morphine does not promote peripheral tolerance in a rat model in which inflammatory pain has already been induced by paw CFA injections (Zollner et al., 2008) . The repeated paw injections of any substance may inadvertently produce a chronic inflammatory state, thereby creating an environment wherein opioid tolerance is reduced. The apparent reduction in opioid tolerance following chronic herkinorin treatments shown in Figure 4 could potentially be then attributed to the repeated paw injection paradigm. Therefore, a secondary approach was taken to determine if herkinorin could maintain antinociceptive properties when administered to an animal made tolerant to morphine by chronic systemic pump infusion of morphine. These studies ( Figure 5 ) demonstrate that while rats develop peripheral tolerance to an acute challenge with morphine following systemic morphine treatment (Detweiler et al., 1995) , herkinorin is still effective at reducing formalin-induced flinch responses while the effects of fentanyl were mostly attenuated.
Morphine produces antinociception whether it is administered into the test paw or into the opposite paw suggesting that at the dose of 10 mg/kg, it produces predominant effects at spinal cord and brain sites of action. The activity of herkinorin was restricted to the site of action as contralateral injections produced no antinociception. It is not clear however whether herkinorin acts only at the site of injection due to a selective activity at the periphery or rather, that it may not cross the blood brain barrier. Further studies regarding its bioavailability and pharmacokinetics must be undertaken to resolve these issues. Regardless, several studies have suggested that peripherally acting MOP agonists, such as loperamide, may represent a therapeutic approach for alleviating neuropathic pain when administered at the site of reported pain (Guan et al., 2008) . Therefore, even while bioavailability may prove to be limiting for herkinorin in its current form, the antinociceptive properties associated with this compound may warrant further chemical characterization toward generation of novel pain therapeutics.
Herkinorin, and several initial chemical derivatives, have been shown to activate MOP receptors without recruiting βarrestins or internalizing the receptor (Groer et al., 2007; Tidgewell et al., 2008; Xu et al., 2007) . Since βarrestin interactions have been strongly implicated in the receptor desensitization facet of morphine antinociceptive tolerance, an agonist that could activate the receptor without recruiting βarrestins may be useful for producing agonist activation without inducing desensitization and resulting drug tolerance (Bohn et al., 2004b; Bohn et al., 2000) . Genetic deletion of β-arrestin-2 or chemical inhibition of β-arrestins may inadvertently effect the regulation of countless other G protein coupled receptors, producing a myriad of adverse side effects. Therefore the development of ligands that could direct signaling of the receptors toward G protein coupling without recruiting βarrestins may be therapeutically advantages for producing pain relief without tolerance. Herkinorin may represent the first compound of its kind, revealing a dramatic functional selectivity of MOP receptor activation without β-arrestin interactions. Our initial findings using this parent compound suggest that therapeutic efficacies may be attainable and that herkinorin-like compounds may be useful in morphine-tolerant peripheral pain treatment. Structures of herkinorin, morphine, methadone, and fentanyl. Herkinorin produces antinociception following chronic herkinorin treatment. Herkinorin or vehicle was given subcutaneously (i.pl.) for 4 days and testing was conducted on day 5. A. Timecourse of formalin-induced flinching behavior for groups of rats treated with vehicle or herkinorin. Herkinorin was antinociceptive prior to and following chronic treatment. Repeated vehicle treatments had no effect. Herkinorin had slightly decreased efficacy following the chronic treatment. Data are expressed as the mean ± SEM and are analyzed by two-way ANOVA. B. First and second phase analysis. Herkinorin maintained antinociceptive activity in both phases of the formalin test following chronic administration although the effects were slightly diminished following the chronic treatment regimen (First phase (left): vs. vehicle of the same day: *p<0.05, **p<0.01; vs. herkinorin day 1: # p<0.05; Second phase (right): vs. vehicle of the same day: ***p<0.0001; vs. herkinorin day 1: ## p<0.01, n=4-7). Data are presented as the mean ± SEM of the sum of flinches in each phase and are analyzed by Student's t test. Herkinorin produces antinociception in morphine tolerant rats. Rats were made tolerant to morphine by continuous mini-osmotic pump infusion of morphine (75 mg/kg) for 5 days. Formalin-induced paw flinches were monitored following subsequent i.pl. injections of morphine (10 mg/kg), fentanyl (0.1 mg/kg), or herkinorin (10 mg/kg) and compared to responses obtained in drug naïve animals treated with vehicle analyzed in figure 1 and displayed here for comparison. A. Time course of drug effects on formalin-induced flinches in naïve and morphine-tolerant rats. Herkinorin retained antinociceptive efficacy in morphine tolerant rats while morphine did not. Fentanyl produced minimal but significant antinociception in the morphine tolerant rats. B. First and second phase analysis. Herkinorin maintained antinociceptive activity in both phases of the formalin test in morphine tolerant rats. Rats were tolerant to morphine in both phases; cross tolerance to fentanyl was significant in the first phase. (vs. vehicle: *p<0.05, **p<0.01; ***p<0.001, n=4-7). Data are presented as the mean ± SEM of the sum of flinches in each phase and are analyzed by Student's t test.
